ABSTRACT. This study evaluated the effects of increasing the proportion of concentrate in the diet on the rumen pH and bacterial community in Japanese Black beef cattle at different fattening stages. Six rumen-cannulated beef cattle were studied in the middle (Mid group, n=3, age 21-22 months) and late (Late group, n=3, age 31 months) fattening stages. The cattle were fed rice straw with control (CON period) or high-concentrate (HC period) diets for 14 consecutive days in each period. Rumen pH was measured continuously and the rumen fluids were collected on the last day of each period. The 24-hr mean and minimum rumen pH in the Mid group were significantly (P<0.05) lower during the HC period compared with the CON period, whereas those in the Late group were continuously low during both periods. In the Late group, the ruminal volatile fatty acid and lactic acid concentrations were significantly (P<0.05) higher during the HC period. During the HC period, the proportions of Prevotella and Caloramator were significantly (P<0.05) higher and lower, respectively, in the Mid group. From these findings, significant changes in the rumen pH and bacterial community induced by dietary changes were mainly observed in the Mid group. Therefore, the ruminal fermentative function in response to a higher concentrate diet might adapt differently in Japanese Black beef cattle at the two different fattening stages.
DNA pyrosequencing
DNA pyrosequencing was performed using the forward primer 357F (5′-CCATCTCATCCCTGCGTGTCCGACTCAGNNNNNNNNNNAGRGTTTGATYMTGGCTCAG-3′) and reverse primer 518R (5′-CCTATCCCCTGTGTGCCT TGGCAGTCTCAGTGCTGCCTCCCGTAGGAGT-3′) and an EmeraldAmp ® PCR MaPeriod9 (TaKaRa, Kusatsu, Japan). A thermal cycler (MyCycler; Bio-Rad, Tokyo, Japan) was used for PCR, and agarose gels were used for electrophoresis of the amplified products to confirm that there was no defect in the protocol. For next-generation DNA sequencing, a 16S Metagenomic Sequencing Library Preparation (Illumina: San Diego, CA, U.S.A.) was used. The V3/V4 region of the 16S RNA gene was amplified using forward (5′-CCTACGGGNGGCWGCAG-3′) and reverse (5′-GACTACHVG GGTATCTAATCC-3′) primers. A Nextera XT Index Kit (Illumina) was used to adjust the reaction liquid for PCR. The amplified products were checked with agarose gel electrophoresis and next-generation DNA sequencing (Illumina MiSeq; Illumina) was conducted.
Pyrosequencing data analysis QIIME Visualizations, an application of the BaseSpace ® Sequence Hub, was used to analyze the bacterial community, diversity, and similarity in the ruminal fluids. To analyze bacterial diversity, the unweighted UniFrac distance method was used for principal coordinate analysis (PCoA), and the operational taxonomic units (OTUs), phylogenetic diversity whole tree (PD whole tree), Chao1, and Shannon index were calculated.
Statistical analysis
The maximum, mean, and minimum pH, and AUC and duration of time (for pH<5.6) on days 8 to 14 were averaged during the CON and HC periods in each group. AUC and duration of time (for pH<5.6) in each group were calculated to assess the occurrence and severity of SARA. The rumen pH, AUC, and duration of time were summarized as the means ± standard error of the mean (SEM). GraphPad Prism ver. 5.01 (La Jolla, CA, U.S.A.) was used for the statistical calculations, and paired t-tests were used to evaluate the differences in rumen pH and VFAs, NH 3 N, Lactic acid, LPS, bacterial diversity, and bacterial abundance between the CON and HC periods in each group. VFAs, NH 3 N, Lactic acid, LPS, bacterial diversity, and bacterial abundance were summarized as the means ± standard error (SE). Differences were considered significant at P<0.05.
RESULTS

Daily intake, Ruminal pH and VFAs
In the Mid group, no residual feed was observed in both periods. In the Late group, daily intake were evaluated by excluding the residual feed from total amount of offered feed, and dietary components and nutrient supply were calculated from consumed feed ( Table 1) . Clinical symptom such as anorexia, fever, and diarrhea was not observed in each period of both groups.
In the Mid group, the 24-hr mean and daily minimum pH were significantly (P<0.05) lower during the HC period simultaneously with significantly higher AUC and duration of time (pH<5.6, hr/day) during the HC period than during the CON period ( Table 2 ). In the Late group, no significant difference was found in pH, AUC, or duration of time (pH<5.6, hr/day) between the CON and HC periods ( Table 2 ). During the CON and HC periods, SARA was diagnosed when pH remained under 5.6 for 3.79 and 10.86 hr/day in the Mid group and for 17.43 and 16.53 hr/day in the Late group. No significant difference was found in the total VFA and NH 3 -N concentrations or LPS activity between the CON and HC periods in the Mid group. However, the total VFA and lactic acid concentrations in the Late group were significantly (P<0.05) higher during the HC period than during the CON period (Table 3) .
Bacterial diversity analysis
In the PCoA analysis, the plots of the Mid group showed the similarity of bacteria in the CON and HC periods, whereas those in the Late group differed in the two periods (Fig. 1) . The rumen bacterial diversity estimated using OTUs, the PD whole tree, Chao1, and Shannon index did not differ between the CON and HC periods (Table 4) .
Bacterial abundance
Twenty-five bacterial phyla were identified in the ruminal fluids. Of the major phyla, Firmicutes (73.0%), Bacteroidetes (12.2%), Proteobacteria (5.3%), and Euryarchaeota (4.4%) were most abundant in the Mid group, while Firmicutes (86.3%), Actinobacteria (5.0%), Proteobacteria (2.7%), and Bacteroidetes (2.6%) were most abundant in the Late group (Fig. 2) . In total, 289 bacterial genera and 686 bacterial species were identified. Of the major genera, Ruminococcus (13.1%), Butyrivibrio (9.0%), Caloramator (8.1%), and Prevotella (7.9%) were most abundant in the Mid group, while Butyrivibrio (20.0%), Olsenella (11.9%), Sharpea (8.9%), and Caloramator (7.4%) were most abundant in the Late group (Table 5 ). In the Mid group, the relative abundance of Caloramator was significantly lower (P<0.05) and that of Succiniclasticum was significantly higher (P<0.05) during the HC period than those during the CON period.
DISCUSSION
A continuously low rumen pH and high AUC were reported during a rapid increase in the concentrate ratio in the diet (40 to 90%, dry matter basis) [2] , and feeding a high-concentrate diet decreased the rumen pH and increased the VFA concentration in steers and non-lactating Holstein cattle [4, 21] , indicating a negative correlation between the rumen pH and VFA concentration. However, there are conflicting reports that SARA induced by a grain diet was naturally mitigated by the second week, and the decrease in rumen pH was minimized in non-lactating dairy cattle [22, 23] . In the present study, a significantly lower mean and minimum rumen pH and higher AUC (pH × hour, pH<5.6) and duration of time (pH<5.6, min/day) during the HC period were observed only in the Mid group, and no significant difference was identified in the Late group. These results suggest that Japanese Black cattle in the mid fattening stage can respond to the higher concentrate composition in their diet, resulting in significantly lower rumen pH and higher AUC during the HC period compared with no significant changes in the late fattening stage. Interestingly, we found contrasting results for rumen pH and total VFA between the Mid and Late groups. Contrasting the rumen pH, significantly higher total VFA and lactic acid concentrations during the HC period were identified only in the Late group. Previously, Sato [21] suggested that feeding a high-concentrate diet can induce acidotic conditions via higher total VFA and lactic acid concentrations, which were consistent with the findings in our Late group. Although we could not fully explain the contrasting results between the middle and late fattening stages, the results suggest that the rumen is fully adapted to long-term acidic conditions during the late fattening stage, in line with a report that the rumen can adapt to SARA in Japanese Black cattle [15] .
The reduction in rumen pH caused by the high-grain diet caused a reduction in bacterial diversity when compared with feeding a high-forage diet [13, 19] . However, the bacterial diversity (OTUs, PD whole tree, Chao1, and Shannon index) did not differ between the two periods or between the two groups, although the indices in both groups were lower during the HC period compared with the CON period. The reduction in rumen pH in the Mid group during the HC period was severe enough (6.00 to 5.76) to reduce bacterial diversity compared with a previous study (6.52 to 6.10 [15] ). Therefore, we postulate that the rumen of the Japanese Black beef cattle adapted to long-term feeding of a high-concentrate diet to minimize the adverse changes in the bacterial diversity.
To our knowledge, this is the first study of the ruminal bacterial community in Japanese Black beef cattle at different fattening stages. At the phylum level, Firmicutes was the most abundant in both groups, followed by Bacteroidetes, Proteobacteria, and Euryarchaeota in the Mid group and Actinobacteria, Proteobacteria, and Bacteroidetes in the Late group. Previously, an increase in the relative abundance of Firmicutes in the ruminal fluids was reported in a SARA challenge model of dairy cattle [9] , and Bacteroidetes comprise the first or second largest population in the ruminal fluid in Holstein cows [12] . During a SARA challenge induced by feeding alfalfa pellets or a grain diet, the lower rumen pH led to the death and lysis of gram-negative bacteria, such as Bacteroidetes [14] , and a decrease in the relative abundance of Bacteroidetes in the ruminal fluids was observed in dairy cattle [9, 25] . Therefore, more severe SARA in the Late group might induce the higher and lower proportions of Firmicutes and Bacteroidetes, respectively, in the same group, whereas the increase in dietary concentrate in our study did not induce a dramatic change in the rumen bacterial composition compared with previous SARA challenge models [9, 25] , likely due to prolonged highgrain feeding in Japanese Black cattle.
Similar to the phylum level, differences in the bacterial proportions were noted at the genus level. For example, Ruminococcus was the most abundant in the Mid group, followed by Butyrivibrio, Caloramator, and Prevotella, while Butyrivibrio was the most abundant in the Late group, followed by Olsenella, Sharpea, and Caloramator. Although Ruminococcus is a cellulolytic species, conflicting results on the Ruminococcus proportion were reported when feeding beef cattle a high-grain diet or SARA challenge models in Holstein steers [18, 21] . Ruminococcus was the most abundant in our Mid group despite the low proportion of roughage. Previously, Nagata et al. [15] postulated that an increase in starch-fermenting Ruminococcus species may contribute to the higher Ruminococcus prevalence on a high-grain diet in Holstein steers, which may be consistent with our Mid group. Contrasting the Mid group, Butyrivibrio was the most abundant genus in the Late group. Butyrivibrio species have various functions in rumen fermentation, such as producing butyrate [17] , enabling the utilization of cellulose and starch [3] , and controlling the proportion of lactate [8] . In the present study, the relative abundance of Butyrivibrio in the Mid group increased during the HC period, and it was higher in the Late group regardless of the period, although there was no statistical significance. Although Petri et al. [18] reported that the Butyrivibrio population decreased in beef cattle during a SARA challenge, we observed the opposite, i.e., the relative abundance of Butyrivibrio decreased when the cattle were fed a high-grain diet. Therefore, further studies are required to clarify the role of this genus in ruminal fermentation during long-term concentrate feeding and the different responses to dietary changes in Japanese Black cattle at differing fattening stages.
Caloramator species, members of the phylum Firmicutes, ferment carbohydrates, such as glucose, fructose, maltose, galactose, and sucrose [20] . In the present study, the relative abundance of Caloramator in the Mid group was significantly lower during the HC period compared with the CON period. Although the dynamics of Caloramator due to changes in the ruminal conditions are still unknown, it is plausible that Caloramator are representative bacteria in the middle fattening stage in Japanese Black cattle.
Succiniclasticum species is characterized by fermenting succinate and converting it quantitatively propionate [24] . In the present study, the proportion of propionate in the Mid group was higher during the HC period compared with during the CON period, which was consistent with higher relative abundance of Succiniclasticum genus in the same group and period. Therefore, these results suggest that a higher proportion of Succiniclasticum might partly contribute to produce propionate in accordance with the increased concentrate diet proportion in the middle fattening stage in Japanese Black cattle.
To conclude, different ruminal responses in pH and the bacterial community to an increase in the proportion of concentrate in the diet were identified in Japanese Black cattle at different fattening stages. The reduction in rumen pH during the HC period was mainly observed in the Mid group, while SARA was more severe in the Late group. Furthermore, the rumen bacterial community diversity and composition differed slightly between the middle and late fattening stages, although few significant changes due to the dietary changes were found. These results suggest that the ruminal fermentative function in response to a higher concentrate diet might adapt differently at the two different fattening stages with the duration of long-term high-concentrate feeding. However, we studied a limited number of animals and only two fattening stages. Therefore, further studies are needed to clarify the adaptive characteristics of rumen pH, fermentation, and the bacterial community to prolonged feeding with a high-grain diet based on more animals and longer periods in Japanese Black cattle.
